This study introduces a methodology for assessing the residence times of drinking water in distribution systems using a tracer. The injection of a tracer followed by an intensive sampling campaign was used to evaluate the residence times of water in Quebec City's main system, which is supplied by the St Charles River. Samples were also analysed to determine the hardness and conductivity of the water in order to identify interconnections with a neighbouring system supplied by the St Lawrence River, a source with different properties. To validate the assumptions of interconnectivity, a complementary conductivity campaign was carried out. The tracer campaign allowed us to obtain the mean residence times (MRTs) within the study area and to target areas with low and high MRTs between 6 and 33 h. The mixing zones between water from the various sources and with longer MRTs following a stay in a reservoir were also identified. Results of this study were used to develop strategies to minimise MRT in order to improve water quality. These strategies are presented in the 'companion paper' (Part II) in this issue.
INTRODUCTION
It is important for operators, managers and especially consumers that drinking water quality is excellent, safe, and exempt from unwanted taste and odour. A physicochemical treatment suited to the characteristics of the water source is typically used to reduce the various microbiological contaminants liable for its colour, taste and odour and to inactivate or remove pathogenic organisms responsible for waterborne diseases. A secondary disinfectant is usually injected into the water at the entrance of the water distribution system (DS) to prevent the growth of pathogenic organisms throughout the residence-life of water in the pipes (Prévost et al. ) .
For over a century, chlorine has been the most commonly used secondary disinfectant because of its effectiveness and low cost (Crittenden et al. ; Gopal et al. ) . Injected at the end of the treatment process, it acts as a chemical barrier to prevent microbiological growth in the DS. However, this disinfectant reacts with the organic matter naturally found in water to produce disinfection by-products (DBPs) (Gallard & von 
where i is the ith sample of water, t i is the time elapsed since the tracer injection was stopped, ΔF i (t) is the change in the fractional concentration F i of the tracer over time which is defined as follows:
where C before and C after refer to the tracer concentration before and after the tracer injection was stopped. C after is, in fact, the natural concentration of the tracer in the water. In the case where the number of observations is lower than the number of junctions, the percentage error was overall much larger; varying between 1% and 26%. This situation is by far the most common. In addition, to obtain good results, the authors suggest selecting junctions that are more sensitive to changes in flows for data collection. Since the sensitivity of the junctions is not necessarily known when a sampling campaign is planned, it would not be surprising to find percentage errors greater than 26% on real DS.
METHODOLOGY Case study
The current methodology tests one DS from Quebec City times were evaluated taking into account the preliminary results of MRT obtained from the hydraulic model, using the daily average demands for the year.
Fluoride concentration curves were used to evaluate MRT but also to formulate a hypothesis about the origin of the water. A curve whose fluoride concentration evolves slowly may be characteristic of an area where MRT is high, but could also mean that it was mixed with water that does not contain a tracer (e.g., from a neighbouring DS or a reservoir with high MRT). This is why it is important to validate the origin of the water using a parameter that differs from one DS to another.
Isolating valves that link two DS are normally closed.
This physical barrier prevents water from flowing from one DS to another, which simplifies monitoring. A theoretical limit between two DS can be drawn according to the location of the closed valves. Given the extent of the system, the hard- To properly assess MRT using this method, sampling must be done long enough before and after stopping the tracer injection to obtain good initial and final concentrations. In addition, it is more difficult to properly control the tracer concentration by injecting than by stopping an injection. • In Category 2 are the curves whose progression of fluoride concentration is rather slow, such as at Site 82, located to the west in S1. This category may be associated with low water consumption in the area where the sampling site is located or may be the result of a mixing with water containing no tracer, either from the reservoir or from the Sainte-Foy DS.
• 4, 5, 6, 20, 30, 40, 44 and 56) shows that it is, at this time, strictly supplied by the WTP of Sainte-Foy. Upon verification, it was determined that work took place in this area during the period of sampling: Figure 4 help to identify two zones (A and S2) of the system of 9, 11, 18, 21, 22, 23 and 24) . Six of these sites, one located in the far western part of sector S1 (9), another east of UL (18) that is characteristic of their respective DS with no sign of mixing.
It is therefore possible that the real limit is somewhat In sector S1, we see two areas where there is a possible mixing between water from the WTP of Quebec and SainteFoy. These areas do not appear to extend very far into S1. It could be a movement of the limit between the DS rather than the presence of an open interconnection.
Mean residence times
In order to evaluate MRT, the tracer must be at least 50% of the maximum concentration measured at the exit of the WTP, at the sampling site during the sampling period. In addition, mixing with water from the reservoir or the neighbouring DS has the effect of diluting the fluoride concentrations from the Quebec WTP. It has therefore been possible to assess the MRT only from the fluoride concentrations of samples collected at sites strictly and directly supplied by the Quebec WTP (see Figure 6 ). These residence times are shown in Figure 7 and range from 6 to 33 h from the exit of the WTP (Table 1) Sainte-Foy's and to highlight the temporal variation of the limits of these areas. Besides improving knowledge about the hydraulic system for operational purposes, the identification of the limits ensures that the sampling sites used for regulatory monitoring effectively represent water from the system whose standards' compliance is evaluated.
Results were used to calibrate and validate a hydraulic model used to design strategies to minimise MRT in order to enhance water quality in the studied 
